An earlier software application of ours, TetraploidMap for Windows, enabled linkage analysis and quantitative trait locus interval mapping to be carried out in an experimental cross of an autotetraploid species, using both dominant markers such as amplified fragment length polymorphisms and codominant markers such as simple sequence repeats. The size was limited to 800 markers, and quantitative trait locus mapping was conducted for each parent separately due to the difficulties in obtaining a reliable consensus map for the 2 parents. Modern genotyping technologies now give rise to datasets of thousands of single nucleotide polymorphisms, and these can be scored in autotetraploid species as single nucleotide polymorphism dosages, distinguishing among the heterozygotes AAAB, AABB, and ABBB, rather than simply using the presence or absence of an allele. The dosage data is more informative about recombination and leads to higher density linkage maps. The current program, TetraploidSNPMap, makes full use of the dosage data, and has new facilities for displaying the clustering of single nucleotide polymorphisms, rapid ordering of large numbers of single nucleotide polymorphisms using a multidimensional scaling analysis, and phase calling. It also has new routines for quantitative trait locus mapping based on a hidden Markov model, which use the dosage data to model the effects of alleles from both parents simultaneously. A Windows-based interface facilitates data entry and exploration. It is distributed with a detailed user guide. TetraploidSNPMap is freely available from our GitHub repository.
Features and Functionality
Background Linkage analysis and quantitative trait locus (QTL) mapping in experimental crosses of autopolyploid plant species are more complicated than in diploid species, and so methodology and software have developed more slowly. However, several important plant species are autotetraploids (including potato, alfalfa, some fruits such as blueberry and blackberry, and various grass species). Our previous software, TetraploidMap for Windows (Hackett et al. 2007) , carries out linkage analysis and QTL mapping in experimental populations of autotetraploids, using dominant markers such as amplified fragment length polymorphisms (AFLPs), scored as presence/absence of a single allele, and codominant markers such as simple sequence repeats (SSRs), scored as presence/absence of several alleles. TetraploidMap for Windows is, however, limited to handling a maximum of 800 markers overall, and for each linkage group, the ordering analysis limited to 50 markers as accurate ordering algorithms for this type of data became too slow with larger numbers. It was also found to be difficult to align maps from the 2 parents with confidence, so QTL mapping was carried out for each parent separately.
New genotyping technologies now allow generation of much larger sets of genotypic data, based on single nucleotide polymorphisms (SNPs). This work was motivated by the Illumina Infinium technology and the Infinium 8300 potato SNP array (Felcher et al. 2012) . This platform gives measurements of allele intensities and different methods have been proposed to estimate dosage from these (Voorrips et al. 2011; Serang et al. 2012; Hackett et al. 2013 ). The theory for using the dosage data to cluster SNPs into linkage groups and to estimate recombination frequencies and LOD scores has been developed by Hackett et al. (2013) . These authors ordered the SNPs using the commercial software JoinMap 4 (van Ooijen 2006) and its regression mapping approach on a pairwise dataset of recombination frequencies and LOD scores for each linkage group. They applied this approach to a full-sib potato population, with 190 offspring, from a cross between a processing clone 12601ab1 and the cultivar Stirling and derived linkage maps for each of the 12 potato chromosomes, with between 74 and 152 SNPs mapped and further SNPs allocated to approximate bins, so that overall 3839 SNPs were assigned to genetic locations.
Recently Preedy and Hackett (2016) have explored the use of multi-dimensional scaling as a rapid method for ordering genetic markers to form high-density linkage maps. This has been tested on various populations, including simulated tetraploid populations, and estimated maps have shown high correlations with the original marker order. This approach is sufficiently rapid to investigate the effect on the map of excluding problematic markers. Hackett et al. (2013) also presented theory for QTL mapping using dosage data, and this was explored further by Hackett et al. (2014) . The high-density maps enable QTL mapping to be carried out for both parents together. The initial interval mapping fits a model of additive effects of all homologous chromosomes on a 1 cM grid of positions, using a regression approach weighted by the QTL genotype probability and tests for significance using a permutation test. A range of simple models can then be checked to see if they are a good fit to the data.
The TetraploidSNPMap software combines these routines into a user-friendly program. It has 2 modules, for linkage map estimation and QTL mapping.
Linkage Map Estimation Module
The steps to estimate the linkage map are the same as for TetraploidMap for Windows: analysis of single marker segregation, clustering into linkage groups, estimation of recombination frequency and logarithm 10 of the odds ratio for linkage (LOD score) between all pairs of SNPs within a linkage group, ordering based on pairwise data and inference of SNP phase.
The possible SNP genotypes are AAAA, AAAB, AABB, ABBB, and BBBB and these are coded as 0, 1, 2, 3, and 4, that is, the number of "B" alleles. SNP dosage data from the offspring and parents are read in from a plain text file, and the segregation ratios in the offspring are checked for compatibility with the genotype frequencies expected from those parents under a model of random chromosomal segregation (Hackett et al. 2013 ) using a chi-square test of goodness of fit. For example, if the parents are AAAB and AABB, the offspring are expected to be AAAA, AAAB, AABB, ABBB in a ratio 1:5:5:1 under random chromosomal segregation. For this configuration, the offspring genotype BBBB could occur through double reduction and this is flagged for attention, as are offspring genotypes that cannot be obtained from the given parents. An initial cluster analysis of the simplex SNPs is also performed to identify which are linked in coupling. Alphabetical codes display this information at subsequent stages.
The SNPs that show compatibility with the expected ratios are then grouped by a hierarchical clustering algorithm using averagelinkage clustering. A similarity measure derived from a chi-square test for independent segregation is used for calculating the pairwise distances in the dissimilarity matrix. The coding of the simplex SNPs aids interpretation. In addition to a static left-to-right representation of the dendrogram, a second visualization component displays the tree using a space-efficient radial layout. A top-down tree layout is also supported to highlight the size, the length and the shape of the branches that correspond to linkage groups.
The user can interact with the dendrogram and visualize feedback in real time. This is done using 2 dynamic sliders and the computer mouse is used for selecting elements, semantic zooming and panning. The first slider sets a similarity threshold at which clusters are merged and color is used to encode the different clustering assignments. The second slider sets a distinctiveness threshold used to identify "weak-edges" which indicate potential nested clusters and outliers. Weak edges are shown as red lines and distinct branches are shown in black. Supplementary Figure S1 illustrates part of the radial layout. Full details of these graphics are described in Vogogias et al. (2016) .
After partitioning into linkage groups, the SNPs in each group need to be ordered. A 2-point analysis calculates the recombination frequency and LOD score for each pair of SNPs in each possible phase using an expectation-maximization (EM) algorithm to maximize the likelihood, and identifies the phase with the highest likelihood among those with a recombination frequency less than 0.5. The recombination frequencies are converted to map distances using Haldane's mapping function and these are then used to calculate the best order for the SNPs in the linkage group using weighted multidimensional scaling (MDS). This optimizes a criterion known as the stress function, using a LOD 2 weighting. Details are given by Preedy and Hackett (2016) . The configuration of SNPs can be displayed in 2 or 3 dimensions to identify SNPs that are distant from the rest of the linkage group. A 2-dimensional MDS plot is shown in Figure 1 . The effect of excluding these outlying SNPs can be explored. The program then fits a principal curve through the configuration of the remaining SNPs to give the distances of the SNPs along the linkage map. This map can be displayed graphically and exported as a figure or text file.
Finally the phases of the ordered SNPs need to be inferred in order to proceed to a QTL analysis. In TetraploidMap for Windows this information had to be entered manually. In the current program as many phases as possible are determined using the simplex coupling SNPs as a framework. However, some SNP phases cannot be identified reliably from linkages to simplex SNPs and the user is required to complete any remaining SNP phases from the details of the most likely phase for other informative pairs. The information on SNP name, position and phase in each parent is saved as a text file ready for QTL mapping.
QTL Mapping Module
The QTL analysis is run as a separate module, for each linkage group separately. It requires 3 input files, with the SNP data for that linkage group, the linkage map (including phase information) and the phenotypic traits. The SNP data is sorted into map order initially and any unmapped SNPs are omitted from the QTL analysis. Boxplots can be displayed to check for outliers in the trait data.
Interval mapping is run for all selected traits, and the results are displayed as a LOD profile along the chromosome, with summary statistics on the LOD score, percentage variation explained and QTL effects for each homologous chromosome. A permutation test can be run to test the significance of the QTL peak. This gives a chromosome-wide threshold: a genome-wide threshold can be obtained by using the same seed for the permutation when analyzing each linkage group and then deriving the maximum LOD overall (outside TetraploidSNPMap). If there is a significant QTL, then simple models, such as a simplex, duplex or double-simplex QTL, are tested to see how well they fit to the estimated genotype means at the most likely QTL location. For a simplex QTL (Q×), there are 2 possible genotypesor Qqqq, with separate means. However, for duplex or double-simplex QTLs (QQqq ×and Q× Qqqq) there are 3 genotype means, Qqqq, QQqq and these can be modeled as an additive effect with means {m, m+a, m+2a}, or as separate groups with means {m 1 , m 2 , m 3 } or as a dominant effect with means {m, m, m+d}. All possible models are fitted and compared using the Schwarz Information Criterion (SIC, Schwarz 1978) , and the best 6 models are displayed.
Implementation and Availability
TetraploidSNPMap is written in Java (version 8), which provides a user interface to the underlying analysis routines. Most of these are in Fortran 90, apart from the routines for the MDS analysis, and cluster analysis, which are written in R (R Core Team 2014). A Windows installer including a full user guide and test datasets is available from the BioSS website http://www.bioss.ac.uk/knowledge/tetraploidmap/ and the source code is available from our GitHub repository. The installation includes a small R distribution in order to run the analysis routines written in R. The software is made available under GNU General Public License (version 3). TetraploidSNPmap has been tested on 64-bit versions of Windows 7 and Windows 10, with 8GB ram or more, using the 64-bit Java runtime environment (JRE).
The software uses OpenMP multithreading to optimize speed for multi-core workstations in several Fortran analysis routines. OpenMP is used in the calculation of similarity matrices for the preliminary grouping of simplex markers as well as in the main clustering routine and also in the two-point ordering routine. Multi-process parallelism is used for the QTL random trait permutation routine, which relies on a non-thread-safe module. The main cluster analysis for all selected markers uses the R implementation of fastCluster (Müllner 2013) .
TetraploidSNPMap has several steps where it calls Fortran routines that have been made generally available online by researchers. These are listed in Table 1 . Full details of the adaptations and where in TetraploidSNPMap these programs have been used are given in the user guide. 
Examples of Use
TetraploidSNPMap is supplied with example data sets for each module. For the linkage analysis module, the dataset consists of 5332 segregating SNPs scored on the parents and 190 offspring of the potato cross Stirling × 12601ab1, which were analyzed by Hackett et al. (2013) . For the QTL mapping module, there are 3 datasets consisting of the linkage map with phasing for linkage group V from the same cross, the SNP data for that linkage group, and a set of trait data for 8 traits analyzed by Hackett et al. (2014) . The user guide shows screen shots of each main stage of the analyses of these datasets.
Conclusions
TetraploidSNPMap implements the methodology developed by Hackett et al. (2013 Hackett et al. ( , 2014 to help genetics researchers carry out linkage analysis and QTL mapping in full-sib populations of autotetraploid species. It is suitable for analyzing genotype data from any technology that is informative about allele dosage. Its development was motivated by research in potato, but we anticipate that it will be a useful tool for a wider range of species.
Source Code and Download Links
The Windows binary installation file for TetraploidSNPMap (including documentation and test datasets) can be found on the BioSS website http://www.bioss.ac.uk/knowledge/tetraploidmap/. The source code can also be downloaded from our GitHub repository:
https://github.com/BiomathematicsAndStatisticsScotland/ TetraploidSNPMap
Supplementary Material
Supplementary data is available at Journal of Heredity online.
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